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Abstract: Here, molecular dynamics simulations have
been carried out on phosphate glasses to clarify the pre-
viously debated influence of fluoride on the bioactivity of
these glasses. We developed a computationally advanced
inter-atomic force field includingpolarisation effects of the
fluorine and oxygen atoms. Structural characterisations
of the simulated systems showed that fluoride ions exclu-
sively bond to the calcium modifier cations creating clus-
terswithin the glass structure and therefore decreasing the
bioactivity of fluoridated phosphate glasses, making them
less suitable for biomedical applications.
Keywords: Bioactive glasses, Fluorine, Phosphate, Molec-
ular Dynamics, Force Field, Shell Model
1 Introduction
Bioactive phosphate glasses (PGs) are amorphous materi-
als which induce a physiological response once implanted
in the body [1, 2]. In addition, PGs completely dissolve in
an aqueous environmentwith a dissolutionbehaviour con-
trolled by the glass composition [3], hence their numerous
biomedical applications [4], including neural repair [5],
dental implants [6], tissue engineering [7–9], bone frac-
ture fixation [10, 11] and drug delivery devices [12, 13].
The structure of PGs is based on the PO4 tetrahedron.
Oxygen atoms can play two different roles: as a bridging
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oxygen (BO) when it links two tetrahedra via a P-O-P bond
and as a non-bridging oxygen (NBO) if no such bond ex-
ists. The mean number of BO atoms per phosphorus atom
is the network connectivity (NC) [14]. The NC is the main
structural parameter affecting the bioactivity of the PGs.
Amorphous glasses allow more flexibility in composition
because they are not dependent on a specific stoichiom-
etry as crystals are. Therefore, different amounts of ions
with physiological activity and/or therapeutic properties
can also be incorporated into glasses [7, 15–19].
In this paper, we focus on bioactive glasses contain-
ing fluoride which is beneficial in dentistry as it prevents
caries (tooth decay) [2, 20, 21]. Fluoride induces the en-
hancement of tooth enamel remineralisation, the inhibi-
tion of enamel demineralisation and bacterial infections.
Fluoride ions cause fluorapatite to form in physiological
solutions [22, 23]. This fluoridated form of hydroxyapatite,
which is the main component of the tooth, is more stable
against acid attacks than hydroxyapatite [24].
Our aim in this paper is to understand how the incor-
poration of fluoride ions affects the bioactivity. Conven-
tional definitions of bioactivity often refer to a material’s
ability to mineralise apatite on its surface either in vitro or
in vivo after implantation. Although there is evidence for
apatite formation on the surface of phosphate glasses [25],
typical compositions dissolve too fast for this to be a partic-
ularly relevant descriptor of the glass’s properties. When
referring to the bioactivity of these compositions, we refer
more broadly to the reactions which it undergoes when im-
planted in vivo. For these compositions,we are able to char-
acterise the changes in bioactivity caused by fluoridation
of the glass by connecting changes in the atomic structure
of the glass to its dissolution rate.
In order to obtain the most detailed representation
of its structural organisation, the structure of PGs is in-
vestigated using computer simulation. Molecular dynam-
ics simulations have often been used to complement ex-
perimental data by highlighting different effects [26–32]
which can be linked to the bioactivity such as the co-
ordination environment of network formers, tendency of
modifiers to form clusters, inhomogeneities and the exis-
tence of chain and ring nanostructures. Additionally, in
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some cases the acquisition of experimentalmeasurements
have proved to be complicated, time consuming or even
unattainable [33, 34]. Therefore, simulations are an effi-
cient and reliable way to map relevant structural features
and link the composition of PGs to their structure and sol-
ubility.
When considering the effect of fluoride incorporation,
there are different phenomena which affect the bioactiv-
ity. The single charge on F− implies that a bridging fluo-
rine atom cannot exist and hence that any F-P bonding in
which the fluorine atom would take the place of an oxy-
gen atom in a PO4 (now PO3F) tetrahedron will reduce the
NC and hence increase dissolution rate. Conversely, any
fluoride clustering to the modifier ions will separate the
glass into modifier-rich (phosphate-poor) and modifier-
poor (phosphate-rich) regions, which will not change the
average NC, but will cause local changes which might af-
fect the dissolution rate of the glass. The NC will also
change depending on how exactly the fluoride is incor-
porated, for example, fluoridation of silicate glass is ob-
served to reduce the rate of apatite formation [35] when
CaF2 is substituted directly for CaO, but fluoridation in
this way also causes an increase in NC which would be ex-
pected to decrease the rate of apatite formation and hence
bioactivity. When CaF2 is added to a calcium silicate glass
andNC is kept constant, a decrease in rate of apatite forma-
tion and hence bone-bonding ability is observed [36], and
in vivo experiments onaF-containing silicate glass showed
the “absence of a continuous Si-rich layer” [37], one of
the necessary steps in the bioactive mechanism. More re-
cent work on silicate glass compositions with different flu-
oride content but constant NC has shown that high-F con-
tent glasses often crystallize fluorite at the expense of ap-
atite [22], and otherwork has shown that the rate of apatite
formation increases with increasing phosphate content in
a silicate glass [23]. A full understanding of the connec-
tions between glass composition, structure, and bioactiv-
ity continues to be challenging to obtain.
Two previous studies on the structure of fluoridated
PGs have been contradictory. Classical molecular dynam-
ics simulations sawnoF-Pbonding and concluded that the
addition of fluorine leads to the formation of clusters [25].
Another study used quantum-mechanical modelling and
observed a significant amount of F-P bonding implying
negligible clustering [29]. To clarify the influence of fluo-
rine on the formation of clusters, we developed a classical
interatomic force field with ionic charges and used a shell
model to include polarisation effects [38]. The use of polar-
isable force fields is crucial to obtain a correct description
of medium range structure and hence the bioactivity [34].
We use this force field to model accurately the atomistic
structure of P2O5 (50−x/2)-CaO(50−x/2)-CaF2(x) with x = 0,2,5
using themolecular dynamics code [39, 40] DL_POLY Clas-
sic [41]. The amount of CaF2 is increasedwhile the network
connectivity is kept constant to remove any effect of chang-
ing the NC on bioactivity. We show the extent of the flu-
orine clustering and discuss its effect on the dissolution
rate, and hence bioactivity, of fluoridated PBGs.
2 Materials and methods
2.1 Polarisable force field development
In this work, we developed a force field based on the Born-
Mayer ionic model [42] which assumes that the ions in
the glass interact via long-range Coulombic internal forces,
short-range two- and three-body interactions. The short-
range interactions between ions i and j are expressed us-
ing theBuckinghampotential. The expression for theBuck-
ingham potential energy is:
Uij
(︀
rij
)︀
= Aije
−rij
ρij − Cij
r6ij
where i and j are atomic species, Aij, ρij and Cij are the
Buckingham potential parameters of the i − j interaction,
and rij is the distance between ions i and j. The Coulombic
energy is expressed as
UCoulombij =
qiqj
4piϵ0rij
where qi is the charge of ion i and ϵ0 is the permittivity of
free space. The force field in this work takes into account
Figure 1: Schematic representation of the shell model.
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the polarisationof the oxygenandfluorine atomsusing the
shell model [38]. In the shell model, the polarisability is
included by splitting the atom’s total charge into a core of
charge (Z+Y) and a shell of charge (−Y) as shown in Fig-
ure 1.
The core and shell are linked by a harmonic spring
with energy:
U (ri) =
1
2 kir
2
i
where ki represents the force constant of the harmonic
spring, and ri the distance between the core and the shell.
The values for the core and shell charges for the oxygen
were kept at the values derived by Catlow et al. [43] (Ta-
ble 1). We used ionic charges to represent the calcium and
phosphorus ions. In this model, the short-range forces are
set to act on the shell whereas Coulombic forces act on
both shells and cores. To sum the electrostatic interactions,
weused theEwald summation [44]. The effect of an electric
field is to separate the core and the shell, giving rise to a po-
larisation dipole. The short-range forces affect the polaris-
ability which becomes environment-dependent. The adia-
batic shell model is used in this work, where the shell is
given a massm (typically ~0.2 amu) chosen so that the fre-
quency of vibration of the harmonic spring is well above
the frequency of vibration of the atoms in the bulk system.
This is necessary to avoid significant exchange of kinetic
energy between the core-shell unit and the rest of the sys-
tem. Therefore, the core-shell units should have a negli-
gible energy in comparison to the potential energy of the
interatomic bonds. There can be a slow leakage of kinetic
energy into the core-shell units, but this represents a neg-
ligible amount of the total kinetic energy and this can be
corrected by a frictional term.
Table 1: Ion charges used in this work.
Ion Core (e) Shell (e) Core-shell
interaction (eV Å−2)
Ca +2.000
P +5.000
O [43] +0.8482 −2.8482 74.92
F [43] +1.380 −2.380 101.200
Finally, the three-body interactions are included
through a harmonic potential. This three-body potential,
also known as the bond-bending term, introduces an en-
ergy penalty for any deviation from the equilibrium bond
angle θ0 and is written as:
V = 12 kijk(θijk − θ0)
2
where kijk and θijk respectively represent the strength of
the bond-bending term, and the bond angle between the
three ions i, j and k.
For transferability of the force field, already existing
potentials developed for phosphate glasses [31, 45, 46] and
fluorapatite [43, 47] were used to derive the potential. The
P-Fs, P-Fs-P, Fs-P-Fs and Fs-P-Os interactions (where e.g.,
Fs is the shell on the fluorine atom) were fitted empirically
to the structures and elastic constants of relevant crys-
tals (Ca5FO12P3, PF5, POF3 and CaF2). The energy min-
imisation code used is the General Utility Lattice Program
(GULP) [48]. The accuracy of the potential fitting is deter-
mined by the percentage of errors between the optimised
lattice structure and the experimental data, summed over
all lattice parameters, corresponding to minimising F in
the equation below:
F =
∑︁
wi(fi,calc − fi,obs)2
where wi is the weight attributed to each parameter fi. In
this work, wi was equal for all parameters.
2.2 Molecular dynamics simulations
Once the potential was derived, classical molecular dy-
namics simulations were carried out using the DL_POLY
code [41] to obtain an accurate atomistic description of
the system. Three different compositions (Table 2) in the
(P2O5)(50−x/2)(CaO)(50−x/2)(CaF2)x system were modelled:
one with 0 mol% of CaF2 (referred to as F0), one with 2
mol% of CaF2 (F2) and one with 5 mol% of CaF2 (F5). The
amount of CaF2 was increased while the ratio of the num-
ber of oxygen atoms to the number of phosphorus atoms,
and hence the network connectivity, were kept constant.
Thedensities of the compositions of fluoridatedphosphate
glasses modelled (F2 and F5 in Table 2) were not avail-
able in the literature or glass properties databases or ex-
perimentally achievable. We have therefore estimated the
densities from density data on calcium phosphate bio-
glasses [29, 49–52], based on the fractional increase in den-
sity observed when fluorine was added to ternary silicate
glasses [51], as in ref. [29].
The starting configurations consisted of quasi-
randomly placed atoms in a cubic box positioned so that
two atoms would not be found within 80-90% of their
expected interatomic separation. The molecular dynam-
ics runs were then performed in a constant volume and
temperature canonical (NVT) ensemble. The different
simulations were run using a well-established and reli-
able methodology to model glasses [3, 25, 26, 31, 45, 53].
For each composition the initial configuration was run at
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Table 2: Simulated compositions with the corresponding densities and cell sizes.
P2O5 mol% CaO mol% CaF2 mol% Density (g·cm−3) Number of atoms Cell size (Å)
F0 50.0 50.0 0.0 2.589 2000 30.96
F2 49.0 49.0 2.0 2.592 1800 29.90
F5 47.5 47.5 5.0 2.597 1700 29.34
Table 3: Two-body Buckingham potential terms.
Interactions Aij(eV) ρij(Å) Cij(eV·Å−6)
P-Fs 1089.25 0.2568 7.28
Os-Fs [43] 583833.7 0.2116 7.68
Fs-Fs [43] 99731834.0 0.1201 17.02
Ca-Fs [43] 1272.8 0.29971 0.0
P-Os [31] 1020.0 0.34322 0.03
Os-Os [31] 22764.3 0.149 27.88
Ca-Os [31] 2152.3566 0.309227 0.09944
2500K until the system reaches an equilibrium. Following
that, the system was gradually cooled down from 2500K
to 300K ensuring that the system reached thermal equilib-
rium for each of the temperatures (2500K, 2000K, 1500K,
1000K, 650K and 300K). Each step was run for 40ps which
corresponds to an overall cooling rate of 9-10K/ps. This
cooling rate has been shown to give reliable results in
terms of medium-range structure [26]. In this paper all
data are taken from averages of five independent simula-
tions for each composition.
3 Results and discussion
3.1 Polarisable force field
The optimised potential is given in Tables 3 and 4 and the
lattice parameters of the corresponding crystal structures
optimised with the potential are presented in Table 5. The
results obtained on the optimised structures of Ca5FO12P3,
POF3 and CaF2 were in good agreement with the exper-
imental lattice parameters, with an average error of 2.67,
1.28 and 0.51% respectively. PF5 showed a higher percent-
age of error between the optimised structure and the ex-
perimental data. However, when we take into account the
small amount of fluorine that we have put in our models
(with a maximum of 5 mol%) a configuration where five
fluorine atoms are bonded to one phosphorus atom is very
unlikely.
Table 4: Three-body harmonic potential terms
Interactions k (eV·rad−2) θ (deg)
Os-P-Os [31] 3.3588 109.47
P-Os-P [31] 7.6346 141.17933
P-Fs-P 7.6346 141.17933
Fs-P-Os 27.853756 109.47
Fs-P-Fs 0.65214 109.47
Table 5: Percentage difference in lattice parameters between the
optimised structure and experimental data
Crystal a(%) b(%) c(%) Average
POF3 1.90 1.90 0.50 1.28
CaF2 −0.51 −0.51 −0.51 −0.51
Ca5FO12P3 3.94 3.94 0.13 2.67
PF5 −15.59 −15.59 5.95 12.38
3.2 Analysis of the structure of F-PGs
Through thiswork,we aim to characterise the atomic struc-
ture of fluoridated phosphate glasses and the effect that
the addition of fluorine will have on the bioactivity. Many
studies have been carried out to study the atomistic struc-
ture of fluorine-free phosphate glasses using both experi-
ment [4, 13, 54–58] and simulation [3, 31]. More recent re-
search conductedonfluoridatedphosphate glasses [25, 29]
has found different amounts of fluorine clustering, which
will affect the bioactivity. To resolve the contradictory re-
sults in those studies, we will therefore concentrate on the
structure surrounding thefluorine atomsandpresent a full
analysis of the structure of F-PG, including the extent of
any fluorine clustering.
For all the compositions simulated, the partial pair-
correlation function gP−O(r) shown in Figure 2 indicated
the presence of two kinds of phosphorus bonding with
bond lengths around 1.47 Å and 1.61 Å which respectively
correspond to the double and single bond between the
phosphorus and the oxygen atoms. The pair-correlation
functions (Figure 2 (top)) overlap for the F0, F2 and F5 com-
positions, which implies that the P-O bonding does not
depend on composition, in agreement with previous sim-
ulations of fluorine-free phosphate glasses [30]. Neutron
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Figure 2: Partial pair-correlation functions gP−O(r) (top) and gP−F(r)
(bottom) for the F0 (black), F2 (red) and F5 (blue) compositions
diffraction experiments [58] showed that the P-O distance
depends on the ratio y = n(M2/µ)/n(P2O5) where n(x) is
defined by the molar amount of the species x and µ repre-
sents the charge of the modifier M. For y = 1.04 (our com-
position) the corresponding P-NBO and P-BObond lengths
should be around 1.51 Å and 1.62Å respectively,withwhich
we are in good agreement.
In the F2 and F5 compositions, the partial pair-
correlation functions gP−F(r) (Figure 2) shows its first peak
at a distance of 4.5-4.6Å. Typical P-F chemical bonds, in
crystals such as PF5, are usually around 1.5Å. We there-
fore observe no fluorine atoms bonding to the phosphorus
atoms. The only atoms coordinated to the phosphorus are
the oxygen atoms. 99.6% of the phosphorus atoms are co-
ordinated to four oxygen atoms for all the different compo-
sitions. (The remaining 0.4% are coordinated to three or
five oxygen atoms.)
Figure 3: Partial pair-correlation functions gCa−O(r) (top) and
gCa−F(r) (bottom) for the F0 (black), F2 (red) and F5 (blue) com-
positions.
Analysis of the partial pair correlation functions
gCa−O(r) and gCa−F(r) (Figure 3) shows that the Ca-O and
Ca-F bond lengths are 2.31Å and 2.21Å respectively. Those
values represent characteristic Ca-O andCa-F distances for
F-PGs [29]. The calcium atom therefore binds chemically
to both fluorine and oxygen atoms. The Ca-F coordination
numbers are respectively 0.19 and 0.56 for the F2 and F5
compositions and the Ca-O CNs are 6.763 ± 0.002, 6.57 ±
0.01, 6.05 ± 0.01 respectively for F0, F2 and F5. The Ca-O
coordination number therefore decreases with increasing
CaF2 content while the coordination number of Ca-F in-
creases. The fluorine atom replaces the oxygen atom in the
calcium atom’s first coordination shell, whereas the phos-
phate part of the glass structure is affected very little.
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Table 6: F-F, Ca-F, Ca-Ca and P-F clustering ratios.
F2 2500K F2 300K F5 2500K F5 300K
F-F 7.22 ± 0.09 10.64 ± 0.24 3.42 ± 0.02 6.98 ± 0.23
Ca-F 1.06 ± 0.01 1.12 ± 0.01 0.99 ± 0.01 1.28 ± 0.02
Ca-Ca 1.37 ± 0.01 1.201 ± 0.002 1.401 ± 0.002 1.209 ± 0.002
P-F 0.97 ± 0.01 0.874 ± 0.005 0.99 ± 0.01 0.69 ± 0.01
Figure 4: View of a representative F5 composition (top) with shrunk
oxygen and phosphorus atoms and clusters highlighted (bottom) at
300K. The colours are: phosphorus (green), oxygen (red), calcium
(blue) and fluorine (pink).
3.3 Clustering
Visualisation of the F5 composition shows clustering
formed of fluorine and calcium atoms (Figure 4). These
clusters show the segregation of the glass network into
modifier-rich and network-rich regions, with different sol-
ubilities in a physiological environment. These clusters,
which are also observed in silicate glasses [59], could lead
to the formation of a discontinuous apatite layer on the sur-
face of the bioactive glasses once implanted in the body.
This uneven apatite layer could result in a decrease of the
bioactivity of the glasses.
The clustering ratio of the different models can be de-
fined as the ratio RX−Y of the observed total number of
atoms of species Y found within a coordination sphere of
an atom of species X(NX−Y ,MD) compared to that expected
if the atoms were homogeneously dispersed NX−Y ,hom. It
can be calculated using the following formulas [27, 60–62].
RX−Y =
NX−Y ,MD
NX−Y ,hom
=
CNX−Y + δ(X−Y)
4
3pir3c NXVbox
where δ(X−Y) is 1 if X = Y and 0 otherwise and rc is a cut-
off distance at which the X − Y coordination number of
interest CNX−Y is calculated. NX represents the total num-
ber of X atoms contained in the whole simulation box of
volume Vbox. The clustering ratio for the fluoridated phos-
phate glasses are calculated with rc=4Å and are shown in
Table 6. For each composition, clustering ratios of Ca, F, P,
and Owere calculated at the beginning (2500K) and at the
end (300K) of the simulation.We observe clear evidence of
substantial fluorine clustering throughout the simulation
(Figure 4). During the simulation, there is an increase of
the clustering ratio for the F-F and Ca-F interactions and a
small decrease for the P-F interactions. These results are in
agreement with the pair-correlation functions and visuali-
sation. They also show that the high level of fluorine clus-
tering observed at the end of the simulation is a result of
the quench: that fluorine atoms form clusters during the
cooling. Previous ab initio simulations [29] concluded dif-
ferent results in terms of phosphorus to fluorine bonding.
We believe that the observed phosphorus to fluorine bond-
ing in that study is probably due to the small size of the
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model (197 to 363 atoms) which might not be large enough
to observe all kind of possible interactions, and the larger
cooling rate necessary for ab initio simulations.
4 Conclusion
This study presents classical molecular dynamics simula-
tions of fluorine-containingphosphate glasses in theP2O5-
CaO-CaF2 system. A novel empirical force field was de-
veloped with ionic charges and the use of a shell model
for polarisation effects. The classical MD simulation re-
sults showed that the addition of fluorine leads to the re-
polymerisation of the network into glass network-modifier-
rich and network-former-rich regions, with differing solu-
bilities, as has also been reported for fluoride-containing
silicate glasses [2]. This segregation is driven at the atomic
scale by fluorine’s preference to bond exclusively to the
calcium atoms; indeed, no phosphorous to fluorine bond-
ing was observed. We conclude that the addition of fluo-
rine into phosphate glasses will lead to a decrease of the
bioactivity of the glass. Our results imply that the segre-
gation of the network will cause the formation of an un-
even fluoroapatite layer when the glasses are implanted
in the body as the ionic-rich and network-rich regions will
dissolve at different rates. These variations in dissolution
rate could detrimentally affect the fluoridated phosphate
glasses’ suitability for biomedical applications.
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